INTRODUCTION
Structurally integrated fiber optic sensors hold the promise of improved quality control of composites and "real-time, in-service" monitoring of the loads to which they are subjected and any damage they may sustain. This could reduce overdesign and increase confidence in their use by improving both safety and their economics especially in terms of inspection and maintenance, Figure 1 . This would be particularly relevant to the Aerospace Industry where any weight saving has a multiplier effect. The technology of imbedding arrays of optical fiber sensors within advanced composite material structures during their fabrication essentially provides materials with "optical nerves". Improved quality control would be achieved by monitoring the internal of composites during their manufacture. Also since "in-service" monitoring of structural loads and structural integrity would permit weaknesses to be indicated before they became critical, longer periods could be allowed between costly inspections. When the system is taken out of service for such an inspection, a shorter downtime might be expected since the built-in sensors would have already indicated sites of weakness and their rate of deterioration. A recent overview of fiber optic based "Smart Structures" has been prepared by the author[ll.
Fiber optic sensors would make ideal "nerves" for composite materials as they are extremely small and light weight, resistant to corrosion and fatigue, immune to electrical interference. safe and practically incapable of initiating fires or explosions, and compatible with composites. They can serve both as sensors and conduits for the sensory signals and could integrate into future fiber optic communication systems such as the fly-by-light concept currently under active consideration for the next generation of aircraft.
Furthermore, the increasing use of optical fibers for communications will ensure that the cost of this technology will decrease with time.
STRUCTURALLY INTEGRATED FIBER OPTIC SENSOR CONSIDERATIONS
We have undertaken an extensive series of experiments to determine the general rules for embedding optical fibers within complex composite layups and have gained some insight into the principal mechanism responsible for fracturing of embedded optical fibers.
We have determined that if optical fibers are to serve as strain/temperature sensors they should be mounted, if possible, between two collinear plies and be aligned with the reinforcing fibers. Alternatively, if damage sensing optical fibers that respond by fracturing are employed then their Figure 1 ISSf optimum sensitivity is achieved when the optical fibers are embedded as close to the surface of maximum tensile strain as possible and sandwiched orthogonally between a pair of collinear plies[21. We have also identified a number of criteria that should be met by any fiber optic sensor that is to be integrated into a structure[31.
Ideally, each fiber optic sensor should be all-fiber, intrinsic, localized, able to provide a well-behaved, linear re~ponse, and sufficiently sensitive. They should also have an adequate dynamic range and involve a single optical fiber.
Influence of Embedded Optical Fibers on Composites
Before optical fiber are permitted to be embedded within practical composite material structures, there will have to be proof that they do not compromise the strength or increase the damage vulnerability of these materials. We have shown that neither the tensile nor compressive strength of freshly prepared Kevlarjepoxy appears to be decreased by the presence of the embedded optical fiber[4J.
We have also demonstrated that the interlamina fracture toughness of the composite material is not reduced by the presence of embedded optical fibers, indeed if anything, they marginally improve the damage resistance of the material[Sl.
FIBER OPTIC DAMAGE ASSESSMENT
We have undertaken the development of a fiber optic damage sensing system, embedded within the structure at the time of manufacture, that is designed to provide real-time surveillance of structural integrity.
Composite Damage Assessment with Embedded Optjcal Fjbers that Fracture
Fracture of optical fibers, with the attendant disruption in their transmission properties, represents the simplest technique for damage detection. We have devised a special etching treatment for the optical fibers that enabled us to control their damage sensitivity to the point that Barely Visible Impact Damage (BVID) can be detected.
In order to study the effectiveness of these embedded optical fibers in monitoring the formation of delamination within KevlarjeEoxy we developed a new technique termed image enhanced backlighting[ 1. This has turned out to be a powerful new diagnostic tool for studying damage in translucent composite materials. A combination of optical bleeding and image enhanced backlighting was used in an extensive series of experiments to determine the optimum orientation and location of the treated optical fibers embedded within complex composite layups [2] and to demonstrate that these techniques could also map the growth of damage [7] .
We have formulated three basic rules that are important in the design of composite damage assessment systems based on the fracture of embedded optical fibers: Rule I-the damage sensitivity of embedded optical fibers is increased by intermittant etching along the sensing length and the longer the etch time, the greater the damage sensitivity for any given layup, Rule 2-the closer the optical fibers are positioned to the surface of maximum tensile strain, the greater their damage sensitivity. For thin panels that can readily flex under impact this surface coincides with the rear surface, Rule 3-the optimum placement of the embedded optical fibers is sandwiched orthogonally between collinear plies. In the event that optical fibers are positioned between plies that are not collinear, then they should be oriented perpendicular to the ply closest to the surface of maximum tensile strain, unless this makes them collinear with the other ply, where upon they should be oriented to bisect the largest angle between the plies.
These rules are consistent with our understanding that through-the-thickness matrix cracks constitute the principal fracture mechanism for embedded optical fibers. We have recently shown that these rules appear to also apply to optical fibers embedded within graphite/epoxy.
Aircraft Wing Leading Edge Fiber Optic Damage Assessment System
We have fabricated the first practical fiber optic damage assessment testbed. This comprised an aircraft wing composite leading edge (specially fabricated for us by Boeing-deHavilland of Canada) that was instrumented by us with approximated 250-damage sensitized embedded Figure 2 Schematic illustration of an aircraft wing leading edge with an embedded grid of damage sensitized optical fibers. Cross sectional view of the leading edge.
optical fibers1 8 1, schematically illustrated in Figure 2 . This fiber optic damage assessment system resulted from the culmination of a substantial study that involved undertaking a large series of impact experiments on various planar versions of the leading edge, to determine the minimum number of optical fiber arrays and their optimum placement and orientation[41. The complexity of this structure can be gauged by reference to Figure 3 which shows the layup and including the honeycomb core.
Measurements of the threshold impact energy required to fracture the damage sensitized optical fibers in planar versions of the aircraft leading edge indicated that the embedded optical fibers should be fractured with impact energies sufficient to cause minimum delamination damage[81. Additional work with planar coupons of the same layup as the aircraft leading edge have demonstrated that the embedded, damage sensitized, optical fibers can detect load induced growth of a region of delamination. This series of tests also served to compare the damage assessment gleaned from optical fiber transmission with that of light bleeding from their fracture points and involved out of plane loading of these (10 x 10 cm) coupons, the layup of which is displayed in the upper left corner of Figure 4 . The location and orientation of the embedded (30 minute etched) optical fibers is also presented in this schematic. The curly brackets designate the orientation of the embedded optical fibers in degrees.
The symbol wO indicates the presence of a fiber glass weave in the Kevlarjepoxy layup. The polished free ends of the embedded optical fibers were butted against the special fiber optic window of an EG&G Reticon linear photodiode array (LPA). The large sensing surface (25.6 mm x 2.5 mm) of the LPA permits monitoring of up to 100 fibers. A simple LED array placed in contact with the input array of optical fibers provides sufficient light at the output end (200 ~ Wjcm-2) to be monitored by the LPA.
The upper right corner of Figure 4 presents the normalized transmission efficiency of the embedded optical fibers, i.e. the ratio of the optical power transmitted after to before loading of the coupon leading to a center deflection of 1.12 mm.
The lower left picture of Figure 4 reveals the backlit shadow (grey area) corresponding to the delamination generated within the coupon by this loading, and the fracture points (dark spots) of the embedded optical fibers in two of the arrays. The lower right picture provides the same information for the other two arrays of optical fibers.
From these results we can see that the optical fibers have fractured within the delamination zone and that the transmission information of fracturing of the embedded optical fibers corresponds to that determined as a result of light bleeding.
Figure 5 provides the corresponding information for greater loading (leading to an out of plane deflection of 2.11 mm) and leads us to conclude that the embedded optical fibers will, in fact, track the growth of delamination. The optical fibers were laid into the leading edge in the three layers shown in Figure 6 with the aid of thin resin films. A schematic of part of the 90 degree layer is presented as Figure 7 , where the damage sensing etched portion of the optical fiber is revealed in an exaggerated form. A careful study was undertaken to determine the presence of all optical fiber fractures that resulted from the fabrication process. Roughly 50% of the embedded optical fibers survived and from this first attempt at building a real structure instrumented with a built-in fiber optic damage detecting system we are confident that we could achieve over 90% in future work. The presence of the optical fibers embedded within the Kevlarjepoxy leading edge can be seen by the weak leakage of helium-neon laser light that occurs along their length, Figure 8 We have designed special butt connectors, see Figure 8 , that provide optical access to the large number of optical fibers used with this aircraft wing leading edge [8) . We have subjected the leading edge to controlled impacts and compared the disruptions in the transmission through the optical fibers with the formation of new laser light bleed spots. These results were then compared with the damage measured by image enhanced backlighting. The remarkable diagnostic potential of image enhanced backlighting can be appreciated by reference to Figure 9a which is a backlit image of a small section of the leading edge, the location of which is indicated in the small sketch. This picture reveals with surprising clarity the presence of a delamination produced by a 14.6 J impact when seen through the curved, complex multi-laminated structure (including a honeycomb core) that constitutes the leading edge. Figure  9 (b) shows the array of embedded optical fibers superposed on this backlit image. It can be seen that all of the damage sensitized optical fibers within the damage shadow were fractured. It is also noteworthy that the two buffered were unscathed by the impact providing clear proof of the need to treat the optical fibers if they are to be used in this modality.
Fiber Optic Detection of Acoustic Emission Associated with Composite

~
The high sensitivity of a Michelson interferometric fiber optic sensor[2,9) permits it to detect acoustic energy released as a result of matrix cracking and inter lamina debonding (delamination) within composite materials. A schematic of the experimental arrangement and the fiber optic sensor system is displayed as Figure 10(a) . The sensor comprises a pair of unbuffered optical fibers with mirrored ends embedded within the composite material. The sensing region is formed by the differential path length between the two mirrored ends. Quadrature detection was attained with a low frequency piezoelectric phase modulation feedback system that also eliminated drifts and slowly varying strains. The fiber optic sensors were embedded within Kevlar/epoxy panels [45,-45,45, -45(-45},-45,45,-45,45] , where (-45) indicates the optical fibers position and orientation in the layup. The panels were subjected to out-of-plane loading and the high frequency signals from the fiber optic sensor recorded.
Initial results suggest that embedded Michelson fiber optic strain gauges can detect acoustic signals that are directly correlated with the formation of threshold regions of delamination. By means of. illustration, Figure lOCb) reveals the backlit shadow of the delamination association with the detected acoustic signal [lO] displayed in the insert. Also shown in the lower part of the insert is the corresponding frequency spectrum of the acoustic signal detected by the embedded fiber optic sensor. The spike at 1.2 MHz is instrumental noise.
STRUCTURAL MEASUREMENTS WITH FIBER OPTIC SENSORS
In order to develop fiber optic sensors that are well suited for Smart Structures we have built and tested several different kinds of potential strain sensors. This has allowed us to compare their relative strengths and weaknesses [9] . We have also developed an all-fiber Michelson fiber optic sensor that uses a pigtailed laser diode and employs a 3 x 3 coupler for passive quadrature phase demodulation[lll. We have undertaken a series of experiments, using both aluminum and carbon/PEEK cantilever beams to characterize this Michelson fiber optic sensor when used as an optical strain gauge and to test its performance when embedded within composite materials. Excellent linearity was observed between the optical phase change and the strain measured with conventional resistive gauges in both tension and compression. The Michelson fiber o~tic sensor's (single pass) phase-strain sensitivity was determined[l 1 to be about 6.5 deg per ~train per cm at a wavelength of 632.8 nrn. Sensors have been fabricated with gauge lengths varying from 0.5 to 28 mm and their phase-strain sensitivity when embedded within graphite/Peck was observed to lie within 10% of the above value (i.e. 2.28 E7 rad. m-l). The transverse sensitivity was determined both experimentally and theoretically to be less than 1% of this value[lll. We have also used this sensor to study the internal strain field within a composite structure and to measure the damping constant of a composite structure.
Fiber Optic Strain Rosette
The measurement of an arbitrary state of strain with a fiber optic sensor requires the optical analog of a foil strain rosette. We have developed just such a simple and sensitive fiber optic strain rosette based on three Michelson fiber optic sensors, Figure ll to the surface of an aluminum cantilever beam and embedded within a carbon/PEEK cantilever beam. The laminar strain tensor measured with the embedded fiber optic strain rosette was found to be in good agreement with the results obtained from an electrical strain rosette[121, ~igure ll(b). We have investigated the survivability of such embedded Michelson fiber optic strain sensors by destructively testing both uniaxial and rosette sensors embedded within carbon/PEEK specimens. Although the uniaxial sensors functioned up to the failure of the material (32,000 ~train), the angled rosette arms suffered a loss of signal at about 78% of the ultimate failure strain.
Fabry-Perot Based Fiber Optic Interferometric Strain Sensors
Although the Michelson sensor can be used for the detection of acoustic emission, common mode rejection of mechanical signals along the lead in/out optical fibers make it unsuitable for low frequency strain measurements. Even more serious is the problem of interfacing to structures since phase preservation must be achieved for both the optical fibers across any connector. That may be a tall order in the mechanical noisy and hostile environment of the operational world. For this reason, we have commenced the development of a Fabry-Perot fiber optic sensors since it is a single fiber sensor that is well localized and does not require phase preservation across connectors to any structures. We have been able to fabricate such sensors using a reflective fusion splice based on a metal evaporation technique. We have measured the strain sensitivity of such embedded Fabry-Perot strain gauges and have shown that it is the same as that of the Michelson sensor, see above[131. We are also developing a method of forming the internal mirror only over the core of the optical fiber so as to ensure a strong fusion splice. Currently, we are testing new Fabry-Perot based fiber optic strain rosettes as these are superior to those based on Michelson sensors, for the reasons stated above, and constitute the first truly practical optical strain rosette.
CONCLUSION
We have fabricated the first major fiber optic damage assessment test system within a composite leading edge of an aircraft. This has given us experience in facing the technological challenges of embedding optical fiber systems within practical composite structures, a crucial step in the evolution of Smart Structure Technology. Our results have clearly demonstrated the viability of structurally integrated fiber optic damage assessment systems for composites. We have built and calibrated Michelson fiber optic sensors and have demonstrated their suitability for detecting damage induced acoustic emission within composites. We have also fabricated and tested the first optical strain rosette to be embedded within a composite. The limited use, in terms of Smart Structures, for the Michelson fiber optic sensor has led us to develop the Fabry-Perot fiber optic sensor for strain sensings within composite structures.
